compounds were introduced in the 1960s; azomycin was the first active nitroimidazole discovered. The antibacterial activity of metronidazole (MTZ), a 5-nitroimidazole derivative, was accidentally discovered later after a successful treatment of a patient infected with Trichomonas vaginalis and bacterial gingivitis. 4 other antiparasitic 5-nitroimidazole drugs are tinidazole and ornidazole ( Fig. 1) . At present, MTZ is the most widely used drug for the treatment of amebiosis and other parasitic infections. Although there is no evidence that MTZ causes carcinogenity or mutagenicity in humans, the former has been reported in rodents and the latter in bacteria. 4, 5 MTZ produces serious side effects such as appetite loss, constipation, diarrhea, severe or persistent dizziness or headache, metallic taste, nausea, genital itching, urinary tract infection, stomach upset, and vomiting, among others. 6 MTZ resistance by protozoa parasites has also been reported. 7 Consequently, the search for new therapeutic agents is of utmost importance.
Compounds with a benzimidazole scaffold have shown promising antiparasitic activity against E. histolytica. It has been reported that some simple 1H-benzimidazole derivatives have in vitro activity in the low micromolar range with an IC 50 of 3.8 to 0.005 µM. [8] [9] [10] [11] [12] Recently a 3D quantitative structure-activity relationship (SAR) study of benzimidazole analogues with antiamoebic activity was performed, and a comparative molecular field analysis (CoMfA) model has been proposed to select the most probable bioactive tautomeric forms. 13 As part of our efforts to investigate the antiprotozoan activity of novel compounds, in this work, we report the in vitro activity of 12 compounds against E. histolytica. Compounds include not only benzimidazole derivatives but also benzotriazole and indazole derivatives, similar scaffolds to the benzimidazole ring but not previously tested against this parasite.
MAterIALS And MethodS

Biological assays
Compounds 1 to 12 were purchased from Sigma-Aldrich (Toluca, Mexico). The biological assay was performed with E. histolytica strain HM1-IMSS. E. histolytica trophozoites were maintained in TYI-S-33 medium supplemented with 10% bovine serum. In vitro susceptibility assays were performed using the method previously described. 14 In brief, 6 × 10 3 trophozoites were incubated for 48 h at 37 °C with different concentrations of compounds 1 to 12, MTZ, and albendazole, each added as a solution in DMSo. As the negative control, trophozoites were incubated with DMSo. At the end of the treatment period, the cells were washed and subcultured for another 48 h in fresh medium to which no drug was added. The trophozoites were then counted with a hemocytometer, and the 50% (IC 50 ) inhibitory concentrations, together with the respective 95% confidence limits, were calculated by probit analysis. experiments were carried out using triplicate tubes and were repeated twice.
Computational work
A database with 630 structures was retrieved from CheMbl (downloaded october 2010, from http://www.ebi.ac.uk/chembldb/ index.php), entering Entamoeba histolytica as a search criterion, and was submitted by the option assays. Duplicate structures were removed, and the resulting 474 unique structures were "washed" with the Molecular operating environment program (Moe 2009.10; Chemical Computing group, Inc., Montreal, Quebec, Canada) by disconnecting any group I metals in simple salts and keeping the largest fragment. The scaffold analysis was conducted with the Molecular equivalence Index (MeQI). Data visualization was conducted with Spotfire 9.1.1. software (TIbCo Software, Inc., Somerville, MA). In this approach, the scaffolds are defined as the cyclic systems that result from iteratively removing all vertices of degree one, in other words, by iteratively removing the side chains of the molecule. A chemotype code or chemotype identifier (a code of five characters) is assigned to each cyclic system using a unique naming algorithm.
To map the novel antiamoebic compounds and the antiamoebic ones from the CheMbl database into the property space of drugs (1490 compounds obtained from Drugbank 15 and implemented in the ZINC 16 database, downloaded July 2008), the property space representation was built by principal components analysis (PCA) using Spotfire. PCA was carried out considering the six scaled molecular properties-molecular weight (MW), number of rotatable bonds (Rb), the octanol/ water partition coefficient (SlogP), topological polar surface area (TPSA), hydrogen bond acceptors (HbA), and hydrogen bond donors (HbD)-and plotting the first three principal components.
reSuLtS
Chemoinformatic and systematic scaffold analysis of antiamoebic agents in the ChEMBL database
The nine most frequent cyclic systems from the CheMbl database with activity against E. histolytica are presented in table 1. Cyclic systems are identified by a chemotype code; scaffold frequency, percentage, and micromolar range activity are also shown. The nine cyclic systems in table 1 account for 40.3% of the entire antiamoebic database. The most frequent cyclic system is benzimidazole (chemotype identifier bT7bR) with 47 (9.9%) compounds, from which our group has been reported 39 compounds. The second most frequent cyclic system is the 3,5-dibenzene-1,4,2-dioxazole (chemotype identifier CP2TP) with 35 (7.4%) compounds. The third and fourth more common cyclic systems are pyridine and benzene, containing 27 (5.7%) and 19 (4.0%) derivatives per cyclic system, respectively. The cyclic system with the chemotype code gY801 has 13 (2.7%) compounds. based on the activity ranges of the compounds with different cyclic systems (table 1), it turns out that the most active compounds have a benzimidazole cyclic system (bT7bR) with IC 50 values of 3.8 to 0.005 µM. The second most active compounds have the cyclic system 3-(3-bromophenyl)-5-phenyl-1-(thiazolo [4,5-b] quinoxaline-2-yl)-2-pyrazoline (fJ0l9) with IC 50 values ranging from 3.2 to 0.100 µM, 17 followed by the benzimidazole-pentamidine hybrids (4ZQNH) with IC 50 values ranging from 12.053 to 0.109 µM. 18 others interesting active chemotypes are CP2TP and gY801 with IC 50 value ranges of 1.800 to 0.480 µM 6 and 9.560 to 0.510 µM, 19 respectively. 1 to 4, 6 , and 9 to 11 showed antiamoebic activity in the submicromolar range (0.740-0.276 µM). The benzimidazole derivative 2 was the most active compound with an IC 50 of 0.276 µM. The benzotriazole derivative 8 was the less active compound but still showed a notable IC 50 of 3.248 µM. In contrast, the benzotriazole derivative 9 was 10 times more active than 8 with an IC 50 of 0.339 µM. Notably, a small change in structure (a methyl group in 9 by a chlorine atom at position C5 in 8) is associated with a significant change in activity. Therefore, the pair of compounds 8, 9 is an example of a deep activity cliff. 20 A similar observation was made for indazole derivatives; the change of a hydrogen atom at position C3 in compound 10, by a chlorine atom in compound 11, is associated with a significant increase (four times) in activity and can be considered a shallow activity cliff. 20 It is not straightforward to derive pairwise SAR for the indazole derivatives 10 to 12 because compound 12 can exist as a mixture of tautomers. The biological activity of the benzimidazole derivatives 1 to 7 is comparable with the previous benzimidazole derivatives we previously reported. [8] [9] [10] [11] [12] In general, all 12 compounds showed activity against E. histolytica. It is worth noticing that the benzimidazoles 1, 2, and 6; the benzotriazole 9; and the indazole 11 were more active than MTZ (IC 50 of 0.355 µM). Noteworthy, all the newly tested compounds 1 to 12 were more active than albendazole, which is also a benzimidazole derivative with an IC 50 of 56.6 µM. Taken together, these results suggest that benzotriazole and indazoles are active scaffolds and can be regarded as examples of scaffold hopping or bioisosteric replacement; these twin concepts can be defined generally as the replacement of a part of a bioactive molecule with a substructure that is similar in size and exhibits similar properties. 21 This concept has been widely used in drug discovery programs, and there are several reported examples demonstrating that chemical structures with different scaffolds can bind to the same target. 22
Drug-like and property space characterization
To evaluate the drug-like properties of the novel antiamoebic compounds 1 to 12 and the ones in the CheMbl database, six molecular properties related to size, flexibility, and molecular polarity were calculated using the Moe program. Calculated properties were described by MW, Rb, SlogP, TPSA, HbA, and HbD. Results are summarized in table 3. Results of this analysis revealed that compounds 1 to 12 are comparable to drugs in terms of HbA, HbD, and SlogP (table 3) . However, 1 to 12 showed, in general, lower Rb, TPSA, and MW than drugs (Drugbank), which are molecular properties related to the molecular size. Similar conclusions can be obtained from the antiamoebic compounds in the CheMbl database (table 3) . Therefore, these novel structures represent ideal lead-like molecules, and it is expected that new designed derivatives, with different substitutions, could increase Rb, TPSA, and MW properties while maintaining acceptable drug-like properties throughout the optimization phase. Figure 2 depicts a representation of the property space for drugs, antiamoebic compounds in CheMbl, and compounds 1 to 12. According to this representation, compounds 1 to 12 and most of the antiamoebic compounds currently deposited in CheMbl are located within the property space of drugs. Compounds 1 to 12 with the chemotype codes bT7bR (benzimidazole, in red), fbJl9 (indazole, in yellow), and MJ6N5 (benzotriazole, in blue) cover a small portion of the property space of drugs. It is noteworthy to mention that in the collection of drugs analyzed here, there are no compounds with the benzotriazole or indazole scaffolds. Figure 2 also shows the compounds with the two most frequent scaffolds with antiamoebic activity in the CheMbl database-namely, benzimidazole (bT7bR, in purple) and 3,5-dibenzene-1,4,2-dioxazole (CP2TP, in cyan). It can be easily deduced from the figure that all active compounds belonging to these two scaffolds are contained in the property space of drugs. 
dIScuSSIon
We conducted a systematic scaffold diversity analysis of antiamoebic compounds included in the public CheMbl database. There are different ways to computationally derive the scaffold of a molecule in a systematic and consistent way. In this work, we used the MeQI approach, where a chemotype code is assigned to each cyclic system using a unique naming algorithm (Fig. 3) . 23 This approach has been successfully used to classify collections of combinatorial libraries, drugs, natural products, and other compound databases annotated with biological activity. [24] [25] [26] [27] Interestingly, the benzimidazole scaffold was the most active chemotype against E. histolytica in the CheMbl database. This observation was confirmed by performing a search in Scifinder (Web version, Chemical Abstracts Service, accessed November 2010), which did not retrieve any other very active scaffolds. Moreover, benzotriazole and indazole scaffolds were not detected in drugs or CheMbl databases as the main scaffold of the compound.
As part of our efforts to identify novel and more potent active molecules against E. histolytica, we evaluated the antiparasitic activity of 12 novel compounds (table 2). The novel structures include benzimidazole analogues not previously tested (compounds 1-7) . We also report for the first time the antiamoebic activity of novel compounds with scaffolds chemically related to benzimidazole-namely, benzotriazoles (compounds 8 and 9) and indazoles (compounds 10-12). The biological activity of the most active benzotriazoles and indazoles reported in this work (see below) suggests that these novel scaffolds represent an excellent starting point for an optimization program. of note, alizapride and granisetron are approved drugs containing benzotriazole and indazole rings as part of their main scaffold (i.e., cyclic system). both drugs are used as antiemetic and antinauseant agents. Side effects of these drugs include restlessness and headache. 15 In summary, we report here a systematic scaffold analysis of antiamoebic compounds contained in a comprehensive public compound database. The analysis revealed that the benzimidazole scaffold is, overall, the most active scaffold with antiamoebic activity. We also report the biological activity of 12 novel compounds with benzimidazole, indazole, and benzotriazole scaffolds. The new compounds are contained within the property space of drugs. As far as we know, this is the first report of benzotriazole and indazole compounds with biological activity against E. histolytica in the low micromolar range (IC 50 = 0.339 and 0.304 µM, respectively). Compounds with these scaffolds are more active than MTZ, which is the drug most commonly used in the treatment of anaerobic protozoan parasitic infections. The new active indazole and benzotriazole scaffolds are very promising as new antiamoebic compounds. A drug optimization program with these scaffolds is ongoing in our laboratory.
FIg. 3.
Definition of scaffold used in this study. In the Molecular equivalence Index (MeQI), the scaffold or cyclic system is obtained after iteratively removing the side chains from the entire molecule. The cyclic system is identified by a code of five characters or chemotype identifier. Hydrogen atoms attached to heteroatoms of the cyclic system were considered side chains.
